We consider a light supersymmetric top quark (stop) scenario, where a stop and a neutralino are the lightest supersymmetric particles and the stop mass is close to the sum of the neutralino mass and the top quark mass. In this scenario, the top quark and the neutralino coming from the decay of a stop have almost equal velocity vectors, and hence the missing transverse momentum in stop pair production events at colliders is suppressed, which makes the stop search challenging, as in the degenerate scenario where the stop mass and the neutralino mass are nearby. In this paper, we propose a novel analysis technique aiming at discovering the stop pair production signal in such an 'equal-velocity' scenario. The key is to look for events where the missing transverse momentum vector is proportional to the transverse momentum vector of the top quark pair with specific values for the proportionality coefficient, as this coefficient equals to the ratio of the neutralino mass over the top quark mass in the equal-velocity limit. We examine the possibility that the stop signal can be identified at the √ s = 8 TeV LHC with 20 fb −1 of data.
Although the gauge hierarchy problem suggests that the standard model (SM) should be extended at O(100) GeV scale, the 8 TeV LHC has reported no signal of new physics so far. One possible explanation to this contradiction is that the signals of new physics are hidden behind the SM background due to the lack or smallness of missing transverse momentum, which is often utilized for tagging new physics events with a dark matter candidate. In this letter, we consider a scenario based on the R-parity conserving minimal supersymmetric standard model (MSSM), where the lightest R-parity odd particle is a dark matter particle, and the next-to-lightest R-parity odd particle has the mass which approximately equals to the sum of the masses of its SM partner and the dark matter particle (the lightest R-parity odd particle).
In MSSM, we can consider the following four cases:
whereχ 0 1 is a dark matter particle. A common feature of these cases is that the heavy SM particle t, h, Z or W and the dark matter particleχ 0 1 have similar velocity vectors once they are produced from the decay of the next-to-lightest R-odd particle. At colliders, therefore, the missing transverse momentum coming from the dark matter particles is suppressed in events where next-to-lightest R-odd particles are pair-produced and then decay. On the other hand, to tag such events, we can use the information that the missing transverse momentum vector from the dark matter particles and the transverse momentum vector of the heavy SM particles are parallel, and that the ratio of their absolute values equals to the ratio of the dark matter mass and the SM particle mass. This is the key observation of this letter. Although the mass spectra like eqs. (1a-1d) are realized only for very particular combinations of the model parameters, we have an example in the SM where D * particles can be identified by requiring that a D candidate and a π have the same velocity vector because the mass of D * is close to the sum of the D mass and the π mass. We hereafter call the scenario the 'equal-velocity scenario'.
In this letter, particular attention is paid to the mass spectrum eq. (1a). This spectrum is motivated by the light SUSY top (stop) scenario [1] , which is inspired by the fact that the top quark and its SUSY partners have the largest couplings with the Higgs boson and hence the SUSY top partners should be light in order to solve the gauge hierarchy problem. Also, since the stops are colored particles, it is relatively easy to find the stop signal at the LHC, compared to the cases with other mass spectra eqs. (1b-1d).
In the equal-velocity limit where mt 1 = m t + mχ0 1 holds, the top quark and the neutralino originating from the decay of a stop have the same velocity vector. Hence, in a stop pair production event at hadron colliders
the top quarks and the neutralinos have the following three-momenta:
where the two neutralinos are labeled by the indices a and b, β 1 and β 2 respectively denote the velocity vectors oft 1 andt 1 in the laboratory frame, and γ 1 and γ 2 are their corresponding boost factors. It follows that the missing transverse momentum vector coming from the neutralinos, p / T , and the transverse momentum vector of the top quark pair, p tt T , satisfy the following relation in the equal-velocity limit:
First let us examine how well the proportionality relation eq. (4) between the missing transverse momentum vector and the top-pair transverse momentum vector holds with a perfect detector, when the value of mt 1 is close to that of m t + mχ0
1
. Since the momentum vector of the neutralino pair is proportional to that of the top quark pair in the equal-velocity limit, large missing transverse momentum arises only when a stop pair is produced in association with a high p T jet and is boosted. We therefore focus on the following events:
To test the relation eq. (4), we use MadGraph5 and MadEvent [2] to generate, at the parton level, stop pair production events associated with one hard jet whose transverse momentum is larger than 100 GeV, followed by the stop decay into top quarks and neutralinos and then by the hadronic decay of the top quarks, at a √ s = 8 TeV pp collider. We examine the following four mass spectra:
3 with the top quark mass and width fixed as m t = 175 GeV and Γ t = 1.56 GeV. In order to determine the stop decay width, we assume for simplicity that the lighter stopt 1 is purely composed of SU(2) L singlet stop and the lightest neutralinoχ 0 1 is Bino. The other SUSY particles are assumed decoupled, so that the stop decays into the neutralino and the top quark with 100% branching ratio. The stop decay widths for the mass spectra eqs. (6a), (6b), (6c) and (6d) are found to be Γt 1 = 0.00068 GeV, 0.0017 GeV, 0.0011 GeV and 0.0029 GeV, respectively. The decay widths for the mass spectra eqs.(6a) and (6c) are computed for the three body decay
In Figure 1 , we show events where a stop pair and one jet with p T > 100 GeV are produced, on the plane of the azimuthal angle between p / T and p 6j T , ∆φ( p / T , p 6j T ), and the ratio of their absolute values,
Here p 6j T denotes the transverse momentum vector of the top quark pair reconstructed from the six jets coming from its hadronic decay. The four subfigures, (1a) to (1d), show results from the four mass spectra, eqs. (6a) to (6d), respectively. The distributions are computed by using MadGraph5 and MadEvent [2] at the tree level. We assume perfect measurements of jet momenta and perfect reconstruction of top quarks. The leading order QCD perturbation theory predicts thet 1t1 + 1 jet production cross section to be 1.10×10 
in the equal-velocity limit ∆m = mt 1 − m t − mχ0 1 = 0. The observed spread of events in subfigures (1a) and (1c) is due mainly to the finite top quark width, Γ t = 1.56 GeV, since the stop width is expected to be much smaller. The spread of events in subfigures (1b) and (1d), where ∆m = 2 GeV, is larger than the spread in subfigures (1a) and (1c), where ∆m = 0 GeV, but not much, because the top quark width is comparable to the mass difference of ∆m = 2 GeV. We therefore expect that the spread of stop pair production events in the equal-velocity scenario is similar as long as the mass difference is about or smaller than the top quark width, ∆m Γ t . In the rest of the paper, we conduct a realistic detector-level analysis on the stop search in the equal-velocity scenario. Based on the parton-level results above, we propose a novel analysis technique that may allow the discovery of stop pair production events in the presence of the SM top pair production background. The basic strategy is as follows. First we look for six jets that come from the hadronic decay of a top quark pair. We select those events where the top quark pair has significant transverse momentum, so that the neutralinos in stop pair production events give rise to large missing transverse momentum even in the equal-velocity limit. We then compare the vector sum of the transverse momenta of the hadronically decaying top quark pair, p 6j T , with the missing transverse momentum vector, p / T , by plotting events on the plane of the azimuthal angle between these vectors and the ratio of their absolute values, namely, on the plane of ( ∆φ( p 6j T , p / T ), p / T /p 6j T ). In the equal-velocity scenario, it is expected that stop pair production events gather around the point of ( ∆φ(
whereas SM top quark pair production events do not show such a tendency. Therefore, we may enhance the signal-over-background ratio by selecting events with small ∆φ( p 6j T , p / T ) and within a specific range of p / T /p 6j T .
In this analysis, we again assume that the lighter stopt 1 is purely composed of SU(2) L singlet stop, the lightest neutralinoχ 0 1 is Bino and the other SUSY particles are decoupled. In Figure 2 , the production cross section for a stop pair, σ(t 1t1 ), at a √ s = 8 TeV pp collider is shown and compared with the top quark pair production cross section, σ(tt), both of which are calculated at the leading order of perturbative QCD. Also shown in Figure 2 is the cross section for the stop pair production associated with a jet whose transverse momentum p jT is larger than 100 GeV, σ(t 1t1 j; p jT > 100GeV), as well as that for a top quark pair plus a jet with p jT > 100 GeV, σ(ttj; p jT > 100GeV). We take the mass spectra eqs. (1b) and The production cross section of a pair of stops of mass mt 1 (upper solid line), and that of a pair of stops associated with a jet whose transverse momentum is above 100 GeV (lower solid line), at a √ s = 8 TeV pp collider. Also shown are the production cross section of a top quark pair (upper dashed line) and that of a top quark pair associated with a jet whose transverse momentum is above 100 GeV (lower dashed line).
top pair production. We thus generate the following background events at the parton level,
The parton-level events are processed to PYTHIA8 [4] to simulate top quark decays and parton showering with hadronization. Finally, detector effects are simulated with PGS4 [5] . As a precut, we require that the transverse momentum of the leading jet be larger than 80 GeV. We match the 1 jet and 2 jet events to the parton shower using MLM matching scheme [6] with the matching scale of 110 GeV. We impose the following selection cuts, which partly resemble the one used in ref. [7] :
• Require seven jets whose pseudo-rapidities satisfy |η j | < 2.8 and whose transverse momenta satisfy p jT > 35 GeV.
Additionally, the transverse momenta of the hardest and second hardest jets, p jT 1 and p jT 2 , should satisfy p jT 1 > 100 GeV and p jT 2 > 80 GeV. (10a)
• Require missing transverse momentum p / T > 50 GeV. (10b)
• Identify two trios of jets according to a method 1 similar to the one used in ref. [7] . We • The one remaining jet that is not combined into the two trios of jets should satisfy p jT > 100 GeV. (10d)
• Event is vetoed if it contains an electron with |η| < 2.47 and p T > 10 GeV, or a muon with |η| < 2.4 and p T > 10 GeV.
We require seven jets, one of which possibly comes from initial or final state radiation, because a stop pair need to be boosted in order to have large missing transverse momentum in the equal-velocity scenario. The mild requirement on p / T in eq. (10b) reflects the fact that missing transverse momentum is nevertheless relatively small in this scenario. We find that 944 and 526 stop-pair plus jet events pass the selection cuts eqs. (10a)- (10e) for the mass spectra (mt 1 , mχ0 1 ) = (225, 48) GeV and (275, 98) GeV, respectively, and that 4558 SM top-pair plus jet background events pass the same cuts. These numbers correspond to the acceptance of 9.4% for the stop-pair plus jet events with (mt 1 , mχ0
for those with (mt 1 , mχ0 1 ) = (275, 98) GeV, and 2.3% for the SM top-pair plus jet background events.
In Figure 3 , we plot the stop pair production events and SM top pair background events that pass the selection cuts eqs. (10a-10e) on the plane of the azimuthal angle between the two vectors p 6j T and p / T , ∆φ( p 6j T , p / T ), and the ratio of their absolute values, p / T /p 6j T . Here p 6j T denotes the vector sum of the transverse momenta of the six jets that constitute the hadronic top decay and p / T denotes the missing transverse momentum vector, both of which are given at the detector level by PGS4. To obtain a more accurate value of p 6j T than given by PGS4, we make the following improvement in determining the momenta of the jets that constitute the hadronic top decay. First, we scale the three-momenta of a pair of jets j 1 , j 2 that are supposed to compose a W boson by the factor of M W /m(j 1 j 2 ), where m(j 1 j 2 ) denotes their invariant mass. We then scale the three-momenta of the jets j 1 , j 2 , j 3 that are supposed to compose a top or anti-top quark by the factor of m t /m(j 1 j 2 j 3 ), where m(j 1 j 2 j 3 ) is the invariant mass for the three jets. We repeat the same procedure for the other top or anti-top quark, and eventually obtain improved three-momenta for the six jets that constitute the hadronic top decay. We find look for two jets j 1 , j 2 whose invariant mass m(j 1 j 2 ) satisfy 60 GeV < m(j 1 j 2 ) < 100 GeV and whose threemomenta have the least angular distance ∆R( p j1 , p j2 ). We then look for another jet j 3 for which the angular distance between the three-momentum j 3 and the sum of the three-momenta of j 1 and j 2 , ∆R( p j3 , p j1 + p j2 ), takes the least value. We consider that j 1 , j 2 and j 3 originate from one top quark. We repeat the same procedure and find the other trio of jets coming from the other top quark. In our simulation, this method finds the correct trios of jets with the probability of about 30% both for the SM top pair events and the stop pair events.
that the above improvement is essential to establish the stop pair production signal because the measurement of jet energy scale is subject to large uncertainty.
In subfigure (3a), signal events are found to gather in the region with small ∆φ( p / T , p 6j T ) and with | p / T |/| p 6j T | ∼ mχ0 1 /m t = 0.27, in accordance with the parton-level simulation in sub- figure (1a) . The gathering of events in subfigure (3b) is faint as compared to the parton-level simulation in subfigure (1d). The SM top pair background shows the concentration of events in the regions with | p / T |/| p 6j T | ∼ 0.2 and with ∆φ( p / T , p 6j T ) ∼ 0 and π, which reflects the jet energy scale uncertainty along the direction of the hard jet that balances the stop pair.
To make a rough estimate on how our new analysis technique enhances the signal-overbackgorund ratio, we impose one of the following selection cuts in addition to the selection cuts eqs. (10a-10e):
• Require ∆φ( p / T , p 6j T ) < 0.3 and 0.15 < p / T /p 6j T < 0.35, (11a)
For the mass spectrum with (mt 1 , mχ0 Further improvement in the signal-over-background ratio is possible by focusing on the difference in the ∆φ( p / T , p 6j T ) distributions. Let us consider the region with ∆φ( p / T , p 6j T ) ∼ π as a control region. We denote the number of signal events in the region specified by the selection cut eq. (11a) (eq. (11b)) by S 1 (S 2 ), and the number of background events in the same region by B 1 (B 2 ). Likewise, the number of signal events in the control region specified by the cut eq. (12) is denoted by S 3 , and the number of background events in the same region by B 3 .
For the mass spectrum with (mt 1 , mχ0 1 ) = (225, 48) GeV, the value of (S 1 + B 1 )/(S 3 + B 3 ) is 0.21 while B 1 /B 3 is 0.14. For the mass spectrum with (mt 1 , mχ0 1 ) = (275, 98) GeV, the value of (S 2 + B 2 )/(S 3 + B 3 ) is 0.26 while B 2 /B 3 is 0.21. We thus find that the ratio of the numbers of events in the region specified by eq. (11a) or eq. (11b) and in the control region specified by eq. (12) can be a useful observable for discovering the stop signal.
We have studied the equal-velocity scenario, in which a stop and a neutralino are the lightest SUSY particles and the stop mass is close to the sum of the SM top quark mass and 
The subfigure (3a) shows stop pair production events for (mt 1 , mχ0 1 ) =(225 GeV, 48 GeV), the subfigure (3b) shows those for (275 GeV, 98 GeV), and the subfigure (3c) shows SM top pair production events, which give dominant contributions to the background. The numbers of events are 944 for the subfigure (3a), 526 for the subfigure (3b), and 4558 for the subfigure (3c). 10 the neutralino mass, which forces the top quark and the neutralino coming from the decay of a stop to have similar velocity vectors. In this case, it is difficult to distinguish stop pair production events from the SM top pair production background because missing transverse momentum from neutralinos is suppressed. We have proposed a novel analysis technique aiming at discovering the stop signal in the equal-velocity scenario, which takes advantage of the information that the missing transverse momentum vector from the neutralinos and the transverse momentum vector of the SM top pair have the same direction and the ratio of their absolute values equals to the ratio of the neutralino mass and the SM top mass. We have studied the distributions of stop pair production signal events and SM top pair production background events on the plane of (∆φ( p 6j T , p / T ), p / T /p 6j T ), where p / T denotes the missing transverse momentum vector and p 6j T denotes the transverse momentum vector of hadronically decaying top quarks, both at the parton level and after parton showering, hadronization and detector simulation. We find that stop signal events gather around the point of ( ∆φ( p 6j T , p / T ) = 0, p / T /p 6j T = mχ0 1 /m t ), while the SM top background
does not show such a tendency. This fact suggests that the above two-dimensional distribution is useful for discovering the stop signal in the equal-velocity scenario. Also, we find that the event distribution is almost the same for values of ∆m = mt 1 − mχ0 1 − m t below 2 GeV, which is due to the fact that the SM top quark width is as large as 2 GeV.
